Abstract In this study, 27 market and edible cold-pressed oils from 10 different oilseeds were analysed. Oxidative stability and the chemical composition of oils were evaluated. The oils were investigated for their primary quality, fatty acid composition, total phenolic content and antioxidant activity. Rancimat and pressure differential scanning calorimetry (PDSC) were used to assess oils oxidative stability. Principal component analysis (PCA) was conducted to determinate impact of selected chemical characteristics on tested oils' oxidative stability in accelerated modes. PCA indicated that none of the chemical compounds correlated strongly with the oils' oxidative stability determined by the Rancimat method. Correlation coefficients describing the impact of different chemical compounds on induction time determined using the Rancimat method were between r = −0.54 (C18:3) to r = 0.62 (chlorophyll pigments). Oxidative stability of oils determined using the Rancimat and pressure differential scanning calorimetry (PDSC) were characterised by low correlation (r = 0.66). According to the statistical analyses, oils were divided into four groups, which depend on the method of oxidative stability evaluation did not differ.
Introduction
Oxidative stability is one of the most important parameters used to assess oil quality, determining its resistance to the oxidation process. Oxidation occurs in unsaturated fatty acids during oil storage or heat treatment and causes their quality deterioration. Particularly easily oxidised are oils having a high content of polyunsaturated fatty acids, especially linolenic acid. Oils obtained by cold pressed technology in addition to triacylglycerides also contained lipidaccompanying compounds. Therefore, its stability depends not only on the fatty acids composition but also on the content of antioxidants, primary and secondary oxidation products, metals and other contaminants which might accelerate or inhibit oxidation process (Choe and Min 2006; Górnaś et al. 2014; Szterk et al. 2010) .
Edible oils' oxidative stability might be determined using different methods. One of the most popular is the shelf-life test run under real state conditions. Shelf-life test involves placing oil samples on shelves and evaluating its basic quality features at regular time intervals (Farhoosh 2007 ). Nevertheless, due to the long duration of the test (several months) and the need to apply chemical reagents currently, to determinate oil oxidative stability, accelerated methods are mainly used. The Rancimat test is a popularly used accelerated oxidative stability evaluation method, it allows for a faster determination of the stability time by submitting the oil sample to a high temperature and constant airflow. Oxidative stability in the Rancimat test is referred as the induction time or oxidative stability index (OSI). Induction time corresponds to a sudden growth in the water conductivity in measuring vessel. Water conductivity is dependent on volatile compounds formed from the decomposition of unstable peroxides produced during the first step of oxidation (Raczyk et al. 2016; Shahidi and Zhong 2005) .
Oil oxidative stability can also be measured using thermal technics. The pressure differential scanning calorimetry (PDSC) is a useful way of measuring the oxidative stability of vegetable oils in an accelerated mode; results are obtained faster due to the use of high temperature and pressure. PDSC method uses the fact that oil oxidation is an exothermic process. A heat released during the oxidation of oil sample is compared with a reference sample. The difference in generated heat is recorded over time as a graph from which can be the determined onset time (τ on ) and the maximum of oxidation time (τ max ). Both parameters are used to characterise oil oxidation process, but they correspond with different stages of oxidation (Ciemniewska-Żytkiewicz et al. 2014; Kowalski et al. 2004) .
The products formed in the oxidation process have an adverse effect on the human body; therefore, proper assessment of the oxidative stability is a decisive step in the safety assessment of oil. Available methods used for evaluating oils' oxidative stability are very diverse. The literature presents a number of differences between the Rancimat and differential scanning calorimetry methods (Šimon et al. 2000; Woo et al. 2001) . Available studies show that oxidative induction time data determined using these two methods might be divergent. This may be related to different oxygen diffusion within the samples depending on the atmosphere (oxygen, oxygen) in which the oxidation reaction takes place (Šimon and Kolman 2001) . According to the state of our knowledge, comparison of the Rancimat and PDSC induction time of coldpressed oils obtained from different oilseeds was not investigated by other researchers. In the present study, the oxidative stability of various cold-pressed oils was evaluated using a standard Rancimat method and pressure differential scanning calorimetry. Furthermore, oils were examined to their chemical composition. Results were compared and subjected to principal component analyses.
Materials and Methods

Oil Samples
Research material consists of 27 cold-pressed oil samples: linseed (Linum usitatissimum L.) (LO, n = 5), rapeseed (Brassica napus L. var. napus) (RO, n = 5), camelina (Camelina sativa L.) (CO, n = 3), black cumin (Nigella sativa L.) (NO, n = 2), evening primrose (Oenothera L.) (EPO, n = 2), hempseed (Cannabis sativa L.) (HO, n = 2), milk thistle (Silybum marianum) (MTO, n = 2), poppy (Papaver dubium) (PO, n = 2), pumpkin (Cucurbita pepo) (PUO, n = 2) and sunflower (Helianthus L.) (SO, n = 2) oil. All oils came from Polish manufacturers and were produced and purchased during their shelf life on the Polish market.
Chemicals
All reagents and solvents used for the analyses and sample preparation for GC were obtained from POCH S.A. (Gliwice, Poland). The Food Industry 37 Component Fatty Acid Methyl Esters (FAME) mix standard was supplied by Restek (Bellefonte, PA, US). Other reagents used for spectrophotometric analyses of analytical grade were from Sigma-Aldrich (Poznań, Poland).
Spectrophotometric measurements were taken using Helios Gamma UV-Vis spectrophotometer (Loughborough, England) with an optical glass cuvette and applying 10-mm optical path length.
Acid, Peroxide, p-Anisidine Value and Total Oxidation Indicator Determination
The acid value (AV) was determined according to the American Oil Chemists' Society (AOCS) Official Method Cd 3d-63 (2000) . Determination of the peroxide value (PV) was made by applying the AOCS Official Method 965.33 (1999) , and the content of secondary oxidation products known as p-anisidine value (p-AnV) was determined by the AOCS Official Method Cd 18-90 (2002) . Additionally, the overall sample rate of oxidation known as total oxidation (Totox) indicator (Totox = 2PV + p-AnV) was calculated.
Chlorophyll and Carotenoid Pigments Content
The chlorophyll content was determined according to the AOCS Official Method Cc 13i-96 (1998). The result of measurement was expressed in mg of pheophytin kg −1 .
Carotenoid content was expressed as β-carotene in mg per kg of oil. The measurement was done according to BS 684 (1977) Section 2.20.
Analysis of Fatty Acid Composition
Cold-pressed oils were prepared for the GC-flame ionisation detector (FID) analysis as fatty acid methyl esters according to the AOCS Official Method Ce 2-66 (1997). Determination of esterified fatty acids in tested oils was done according to the AOAC Official Method 996.06 (2001) with modifications described by Symoniuk et al. (2016) . Methyl esters were analysed on a TRACE 1300 (Thermo Fisher Scientific, Inc., Wilmington, DE, US) gas chromatograph equipped with Restek BPX70 GC capillary column (60 m in length × 0.22 mm I.D., 0.25 μm of film thickness) and flame ionisation detector (FID). The fatty acid composition of analysed samples was presented as percentage participation in total fatty acid composition.
Calculated Oxidizability Value
The calculated oxidizability (Cox) value of the cold-pressed oils was calculated according to the Fatemi and Hammond (1980) formula:
Total Free Radical Scavenger Capacity Using 2, 2-Diphenyl-1-Picrylhydrazyl Radical
Determination of the 2,2-diphenyl-1-pikrylohydrazylowych (DPPH * ) free radical binding capacity was determinate according to the Espin et al. (2000) method. Tested oil antioxidant potential was characterised by the antiradical efficiency; the result was expressed as Trolox equivalent antioxidant capacity (TEAC) (Sánchez-Moreno et al. 1998) . Oil solutions in dichloromethane with a concentration of 2% oil were prepared. The analytical sample consisted of 3 cm 3 of an oil solution, 1 cm 3 of methanol and 1 cm 3 of the solution of 0.5 mM of DPPH * in methanol. Absorbance was measured at 1-min intervals for 60 min at wavelength λ = 517 nm. Nil consisted of 3 cm 3 of dichloromethane, 1cm 3 of methanol and 1 cm 3 of DPPH * free radical solution. Calibration was done using a mixture of 3 cm 3 of dichloromethane and 2 cm 3 of methanol. Radical scavenger capacity was calculated based on a standard curve prepared with Trolox standard solutions.
Total Phenolic Content
Total phenolic content (TPC) of cold-pressed oils was determined using the Folin-Ciocalteu reagent according with Siger et al. (2008) method. Sample preparation based on a transfer of 2 mL of oil extract and 0.5 mL of Folin-Ciocalteu to a 10-mL flask. Next sample was mixed using a vortex and allowed to stand for 3 min. After 3 min, 1 mL of saturated sodium carbonate solution was added and made up with distilled water to 10 mL. The absorbance of all samples was measured at 725 nm after 1 h, compared to control sample. Total phenolic content was calculated using a standard curve prepared with ferulic acid (FEA). . Volatile products formed from oxidation reaction were soluble in 0.06 L of distilled water. The induction time was recorded automatically by apparatus software with the accuracy of 0.01; the result was expressed in hours.
Oxidative Stability-Pressure Differential Scanning Calorimetry Isothermal Measurement
The oxidative stability of tested oils was determined using a DSC (Q20, TA Instruments) coupled with a high-pressure cell (Q20P). Before measurement, the instrument was calibrated using standard, high-purity indium. Calibration of the PDSC apparatus consisted in determining the transition temperature and enthalpy of indium (156.6°C, 28.57 J g −1 ) in an oxygen atmosphere, at a rate heating rate of 5°C min After the maximum of heat flow was reached, the experiments were manually stopped. Analysis of diagrams was performed using TA Universal Analysis 2000 software. The oxidation induction time was determined based on the onset time of oxidation with the accuracy of 0.01. The result of PDSC measurement was expressed in minutes.
Statistics Analyses
Measurements were done in triplicate; results in tables are the average of replications with deviation standard. Results were subjected to analysis of variance (ANOVA). Significant means were subjected to analysis by post hoc Tuckey's multiple range test (α = 0.05). Pearson correlation coefficients, principal component analysis (PCA) and agglomerative hierarchical clustering (AHC) were performed using XLSTAT (2017, Addinsoft, Inc., Brooklyn, NY, USA).
Results and Discussion
Chemical Composition of Analysed Oils
The results of oils acid, peroxide, p-anisidine values and Totox indicator are summarised in ) not exceed the recommended limits for cold-pressed oils. Determined p-anisidine value, which reflects the content of lipids secondary oxidation products, was low. Analysed oils peroxide value was higher than panisidine value, which is typical for cold-pressed oils.
Oils were also examined to chlorophyll and carotenoid pigments content; results are presented in Table 1 . Both chlorophyll and carotenoid pigments found in the cold-pressed oils affect their oxidative stability (Kamal-Eldin 2006) . It is preferable to avoid a high amount of chlorophyll pigments as they can accelerate oil oxidation. Chlorophyll level in edible oils should not exceed 50 mg kg −1 (Matthäus and Brühl 2003) .
Among investigated oils, the highest chlorophyll pigments content was detected in hempseed oils. A large number of chlorophylls were also found in pumpkin and black cumin seed oils. On the other hand, the lowest chlorophyll pigments content was reported for sunflower, poppy and linseed oils. Another group of cold-pressed oil pigments are carotenoids. β-Carotene is known as the most effective provitamin A, which has an antioxidant effect on oil oxidation. In contrast to chlorophylls, carotenoids are desirable because they act as a scavenger of singlet oxygen (Shahidi and Zhong 2010) . As shown in Table 1 the highest content of β-carotene was reported for pumpkin seed oils. Moreover, high content of β-carotene was also detected for linseed and hempseed oils. The lowest β-carotene amount was designated for poppy seed oils and camelina oil (CO1). Other oils were divided into two groups because of their carotenoid content. The first group of oils had content of β-carotene below 10 mg kg
; camelina, black cumin and milk thistle oils were included here. The second group (rapeseed and evening primrose oils) represented oils with a content of β-carotene between 10 and 20 mg kg −1 . Oils were also examined for their antioxidant activity using DPPH radicals; the results are summarised in Table 1 . Antioxidants have a high impact on fat oxidative stability. Obtained results showed a significant difference in the oils' ability of radical deactivation. One of the black cumin oils (BCO2) had the strongest antiradical properties (at 3.18 mM TEAC, quenched 91.25% of DPPH*). A similar result for black cumin oil was presented by Sielicka et al. (2014) and Haron et al. (2014) . Moderately high quenching of DPPH* was observed for milk thistle oils (2.14 and 2.56 at 3.18 TEAC). The similar antioxidant activity of milk thistle oil was reported by Prescha et al. (2014) . Examined sunflower oils differed significantly in their ability to scavenge free . The highest content of phenolic compounds was determined for hempseed oil (HO1). It was found that analysed pumpkin oil (PO2) had the lowest content of phenolic acids. Black cumin, camelina (CO3) and rapeseed (RO1) oils had a little lower content of phenolic acids when compared to the hempseed oil. Furthermore, phenolic acids content of sunflower, milk thistle and one of the rapeseed (RO5) oils do not differ significantly regarding pumpkin oil. Poppy and evening primrose oils had similar TPC.
Fatty acid composition affects oil oxidative stability; oils with a high content of polyunsaturated fatty acids are more easily oxidised. The fatty acid composition of analysed oils is presented in Table 2 . The maximum level of saturated acids, made up mainly of palmitic acid, was obtained for black cumin and pumpkin seed oils. In contrast, sunflower (SO1) and rapeseed oils were characterised by the smallest proportion of saturated fatty acids. Examined oils differed significantly in the content of unsaturated fatty acids: monounsaturated fatty acids (MUFA) and polyunsaturated fatty acids (PUFA). Oleic acid, one of the monounsaturated fatty acid, was most dominant in sunflower (SO1) and rapeseed oils, while evening primrose oils had the lowest level of this acid. One of the most Raczyk et al. (2016) and Ratusz et al. (2016) .
Other tested oils showed the highest content of the linoleic acid. The maximum level of linoleic acid was reported for evening primrose oils. Also, poppy oils and sunflower seed oil (SO2) were characterised by high level of linoleic acid, at above 60%. Hempseed, milk thistle and black cumin oils had a slightly lower content of this acid. A little higher level of linoleic acid in hempseed oil was recorded by Ten and Birch (2013) (2010) and Younis et al. (2000) . The lowest content of linolenic acid was reported for linseed, rapeseed, camelina and one of sunflower oils.
Oxidative Stability
Oxidative stability is an important oil safety factor used to estimate its susceptibility to oxidation and consequently its shelf life. Primary products of the lipid oxidation are hydroperoxides, which result in the composition of short-chain and sensory-active compounds.
Results of analysed oils' oxidative stability determined using the Rancimat test are summarised in Table 3 . The induction time of examined oils differed significantly. Black cumin oils followed by pumpkin seed oils were the most stable samples; their induction time was the longest. According to chemical dependence, chemical reaction time decreases two times if the reaction temperature rise to 10°C; black cumin oil (BCO2) oxidative stability was similar to those presented by Hassanien et al. (2014)-16 .9 h at 110°C and Gharby et al. (2015) , 9-13 h at 110°C. However, a large variety of black cumin oil induction time was reported in the literature (Edris 2011) . Examined pumpkin seed oils had higher induction time than oil analysed by Szterk et al. (2010)-13 .63 h. Results of induction time presented by Neđeral et al. (2012) for husked pumpkin seed oil (23.8 h) and naked roasted seeds (30.3 h) were compatible with results for tested pumpkin oils. That gives grounds to conclude that the analysed pumpkin oils have been produced from pre-treated seeds.
Less stable were cold-pressed rapeseed oils, obtained results did not differ from those presented by other researchers (Symoniuk et al. 2016) . Oils from evening primrose, poppy and hemp seeds had more than twice lower oxidative stability compared to rapeseed oils. Furthermore, evening primrose and poppy seed oils were characterised by similar induction time determined by Rancimat method. Induction times of evening primrose oils did not differ from those presented by Szterk et al. (2010)-6 .34 h. Higher poppy oil induction time was obtained by Bozan and Temelli (2008)-5 .56 h at 110°C. Hempseed oils' oxidative stability differs, which was also reported by Dimić et al. (2009) where oxidation induction time was between 6.4 to 7.4 h. The induction period of camelina seed oils was similar to those presented by Szterk (2010)-6.32 h and Ratusz et al. (2016) -induction time was between 4.58 to 5.63 h. Large differentiation of induction time was observed for milk thistle and sunflower oils. These discrepancies in the stability of sunflower oils may result from differences in their fatty acid composition. A high amount of oleic acid has been reported for sunflower oil (SFO1), which indicates that this oil was obtained from a high-oleic variety and was more stable. Tested linseed oils were characterised by the lowest induction time determined using the Rancimat method. Analysed linseed oils' oxidative stability in Rancimat was shorter compared to the result obtained by Rudnik et al. (2001)-6.40 h, and Szterk et al. (2010)-5.85 h.
Evaluation of oils' oxidative stability was also performed using pressure differential scanning calorimetry (PDSC). The oxidative stability in PDSC method was marked as the onset time (τ on ), which corresponds with initiation stage of the oxidation process. Results of analysed oils' oxidative stability were presented in Table 3 . According to obtained data, sunflower oil (SO1) was characterised by the highest induction time. Also, pumpkin seed oils were identified by high oxidative stability. The earliest onset induction time was marked for linseed oil was. Low oxidation time was also reported for hemp, poppy, camelina, milk thistle (MTO1) and black cumin seed oils. Linseed oil was more suitable for thermal oxidation, probably due to its high portion of PUFA. Hemp and poppy seed oils had a similar level of PUFA content, but the proportions of fatty acids C18:3 and C18:2 were different. In contrast to linseed oils, hemp and poppy seed oils were characterised by a higher content of C18:2 acid. The presence of antioxidants might also contribute to the differences in τ on . Black cumin oils, despite the same fatty acids composition, had different oxidative stability. The longer induction time of BCO2 might be influenced by great free radical scavenging capacity (3.18 mM of Trolox kg −1 oil). The same dependence occurred of sunflower and milk thistle oils.
Statistical Analysis
Since both methods are used to evaluate oils' oxidative stability, induction times as measured by the Rancimat and PDSC methods were compared using Pearson's linear correlation. The correlation coefficient of induction times was low and amounted r = 0.66. Literature provides data that shows a high correlation between the Rancimat and PDSC method at different temperatures, but only for refined or cold-pressed oil from one type of raw material. Ciemniewska-Żytkiewicz et al.
(2014) obtained a linear correlation of > 0.99 for hazelnut oil, Symoniuk et al. (2016) for cold-pressed rapeseed and Ratusz et al. (2016) , a polynomial correlation of > 0.98 for camelina oil. On the other hand, results presented by Ramalho et al. (2011) have demonstrated no correspondence among the PDSC and Rancimat method at one temperature for biodiesel from poultry fat oxidative stability evaluation.
As shown in Table 4 , it might be concluded that oxidative stability as measured by the Rancimat method depends on many factors, but none of them characterised a high correlation. The highest dependencies were observed between the Rancimat induction time and the chlorophyll and carotenoid pigments content (r = 0.66). On the contrary, the content of Values in italic correspond for each variable to the factor for which the squared cosine is the largest oleic (r = 0.84), monounsaturated (r = 0.80) and polyunsaturated (r = − 0.83) fatty acids had the greatest impact on the oxidative stability of cold-pressed oils as measured by the PDSC method. Secondary oxidation products, saturated fatty acids and C18:2 content do not affect the oxidative stability of oil as determined using both methods. The detected regularities and correlation between quality characteristics and oxidative stability was verified by applying the analysis of the main components. PCA was performed for the mean ratings of oils across the 16 attributes (Table 5 ). As presented in Fig. 1 Differences in results of the principal component analysis for PDSC and the Rancimat measurements may be due to the differences described in the literature. Methods differ in the methodology and determined induction time, which corresponds to a different stage of the oxidation process. For the Rancimat test, the induction time is determined after propagation stage, whereas oil stability in PDSC test corresponds to termination stage. Furthermore, oxidation in Rancimat and PDSC apparatus take place in the atmosphere with different oxygen level, which influence its different diffusion within the oil sample (Šimon et al. 2000; Woo et al. 2001) .
Agglomerative Hierarchical Clustering (AHC) was applied ( Fig. 1) to group the investigated oils in terms of their similarities in quality. The results showed that the analysed oils were divided into four groups. Pumpkin oils constituted the first group which differed significantly from the others. The second group consisted of rapeseed oils and sunflower oil from high oleic variation. Other two groups were more multiple: linseed, camelina and one of hempseed (HO1) oils were accounted for the third group; whereas black cumin, milk thistle, poppy oils and one of sunflower (SO2) and hempseed (HO2) oils represented the last four groups. However, it should be noted that depending on the oxidative stability assessing method, oil groups did not differ.
Conclusions
The results of this study showed that both accelerated methods, the Rancimat and pressure differential scanning calorimetry, used to assess oxidation stability of cold-pressed oils from different oilseeds, were not highly correlated (r = 0.66).
Both oxidative stability evaluating methods should not be used interchangeably to compare the stability of the various cold-pressed oils. Induction time measured using the Rancimat and PDSC methods depend on the tested features to varying degree. PCA demonstrated that none of the selected quality characteristics influenced strongly on tested coldpressed oils oxidative stability determined by the Rancimat test. In contrast to Rancimat method, cold-pressed oils induction times in PDSC mainly depend on the fatty acids composition. The methods used to assess the stability of oils did not significantly affect the division of oils in terms of their overall quality. This proves that oil quality should be considered not only on the basis of their oxidative stability but all qualities should be taken into account.
